Abstract: In order to improve the hardness and tribological properties of ultrahigh molecular weight polyethylene (UHM-WPE), UHMWPE composites reinforced with graphene oxide (GO) nanosheets by ball milling is presented in this article. The results show that the content of 20 wt% GO composite exhibits the lowest friction coefficient and the best wear resistance among all specimens under distilled water lubrication conditions. The mechanism of GO content on tribological properties of the composites under dry conditions and distilled water were investigated. Super low friction coefficient value and the best wear resistance under distilled water is attributed to water provides passivation of interacting dangling bonds on the sliding surface of GO. This study provides a new path to synthesize the high wear resistance and mechanical performance GO/UHMWPE composite materials under water condition and may have huge potential applications in many related fields, such as biomedical and marine engineering.
Introduction
Ultrahigh molecular weight polyethylene (UHMWPE) is a unique polymer with outstanding physical and mechanical properties, which display excellent bio-compatibility, chemical stability, impact strength, high wear resistance and low friction. These characteristics of UHMWPE have been exploited since the 1950s in a wide range of industrial applications, including pickers for textile machinery, lining for coal chutes and dump trucks, runners for bottling production lines, as well as bumpers and siding for ships and harbors. However, UHMWPE has some disadvantages: its hardness and Young's modulus are low, and it easily creeps under load. This restricts its load-bearing capacity. 1 In order to improve the mechanical and tribological properties of UHMWPE, kaolin, alumina, zirconium and carbonbased fillers have been used as reinforcing filler materials.
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Graphene is one-atom-thick two-dimensional (2D) layers of sp2-bonded carbon atoms arranged in a honeycomb lattice. Since experimentally discovered in 2004 by K. S. Novoselov and A. K. Geim, 6 graphene has become one of most exciting research topics owing to its fascinating properties, such as giant electron mobility, extremely high thermal conductivity, extraordinary elasticity and stiffness, large surface area, high thermal stability, and low cost in compared with carbon nanotube (CNT). [7] [8] [9] Especially, the latest developments in tribological applications of graphene and theoretical simulations of graphene friction have shown that graphene is one of the ideal fillers in polymer composites, which can significantly improve the tribological performances of host polymer.
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Experimental
Materials. Graphite powder purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China), UHMWPE with an average molecular weight of 2.1×10 6 and a mean particle diameter of about 300 μm was supplied from lanzhou Petrochemical Co., Ltd., China. Other chemical reagents and solvents were from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China) and used directly without further purification.
Preparation of Graphite Oxide. Graphite oxide was synthesized from natural graphite powder by a modified Hummers method. [16] [17] [18] Typically, Graphite powder 12 g(45 μm) was put into an 85 o C solution of concentrated H 2 SO 4 (48 mL), K 2 S 2 O 8 (10 g), and P 2 O 5 (10 g). The mixture was kept at 80 o C for 4.5 h using a water bath. Successively, the mixture was cooled to room temperature and diluted with 2 L of de-ionized (DI) water. Then, the mixture was filtered and washed with de-ionized (DI) water to remove the residual acid. The product was dried under ambient condition. This pre-oxidized graphite was then subjected to oxidation by Hummers' method described as follows. Pretreated graphite powder was put into cold (0 o C) concentrated H 2 SO 4 (460 mL). Then, KMnO 4 (60 g) was added gradually under stirring and the temperature of the mixture was kept to be below 20 o C by cooling. Successively, the mixture was stirred at 35 o C for 2 h, and then diluted with DI water (250 mL). Because the addition of water in concentrated sulfuric acid medium released a large amount of heat, the addition of water was carried out in an ice bath to keep the temperature below 50 o C. After adding all of the DI water, the mixture was stirred for 2 h, and then additional 2.8 L of DI water was added. Shortly after the dilution with 2.8 L of water, 80 mL of 30% H 2 O 2 was added to the mixture, and the color of mixture changed into brilliant yellow along with bubbling. For purification, the mixture was washed with a dilute hydrochloric acid solution (5%) and deionized water until the pH of the supernatant reached 6. The resulting graphite oxide powder was shortly dried in air.
Preparation of GO/UHMWPE Composite. Powders of graphite oxide were put into the solid state in a mechanical . Thermogravimetric analysis (TGA) for the samples was performed on Perkin-Elmer Diamond thermal analyzer from room temperature to 600 o C. X-ray diffraction (XRD) patterns were recorded by a Rigaku D/Max-2400 diffractometer using Cu Kα radiation. The measurement of hardness was carried on a Shore hardness tester (CY-D; Suzhou Quantum Instruments Co., Ltd). For accuracy, at least six points were measured and the resulted values were averaged. AFM image (Figure 2(a) ) of the hydrosol offers immediate evidence for peeled-off single GO sheets. The thicknesses of the graphene oxide layers we prepared are within a very narrow range of 1.1-1.2 nm, SEM image (Figure 2(b) ) revealed most GO sheets had the lengths range of 1-3 μm. GO layers are somewhat larger than the interlayer spacing (0.776 nm) of the parent GO, due to the presence of oxygen-containing groups and the displacement of the sp3-hybridized carbon atoms slightly above and below the original graphene plane.
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XRD is an important tool for determining whether graphenebased sheets are indeed present as individual graphene sheets in the composites or not. Figure 3 shows the XRD pattern of GO reinforced UHMWPE composites with the amount of GO changed, the typical diffraction peak of GO was observed at about 10.4 o . 19 However, after GO was dispersed into the UHMWPE matrix, the XRD pattern of the composites only showed the UHMWPE diffraction peak from UHMWPE and the diffraction peak of GO was disappeared. The XRD results clearly demonstrated that GO was fully exfoliated into individual GO sheets in the polymer matrix and that the regular and periodic structure of GO disappeared. 5, 11, 20 To investigate the surface morphology of the cross sections of the 20 wt% GO/UHMWPE composites, SEM images of the cross sections of composites were measured (Figure 4) . A great amount of edges of GO were observed on the surface of GO/UHMWPE composite, indicating GO were well dispersed in the composite. Figure 5 shows the influence of the GO wt% in UHMWPE composites on the friction coefficient with sliding time within 120 min under dry condition. It can be seen that the friction coefficient of the GO reinforced UHMWPE composite is increased with the GO weight percentages increasing from 5 to 30%. And the content of 20 wt% GO composite exhibits the best stable friction coefficient than that of the pure UHMWPE or other GO content composites under the same experimental condition.
In addition, the variations of friction coefficient of two typical samples, namely, neat UHMWPE and 20 wt% GO reinforced UHMWPE composite, under different lubrication conditions have been studied, which are shown in Figure 6 . Under distilled water lubrication, the friction coefficient of the 20 wt% GO reinforced UHMWPE composite was lower than that of the pure UHMWPE.
Furthermore, wear volume loss is another important indicator to value the frictional resistance of sample. Figure 7 presents the effect of GO content on wear volume loss of the samples under dry and distilled water lubrication conditions. The volume loss under dry sliding was higher than that under distilled water lubrication for each sample, thus, the volume loss of the 20 wt% GO reinforced UHMWPE composite was 4 times lower than the neat UHMWPE under distilled water lubrication.
The effect of GO on mechanical properties of GO/UHM-WPE composites was studied. Figure 8(a) shows the tensile strength and Young's modulus of composites with various GO loadings. With increasing GO nanosheets, the tensile strength and Young's modulus of GO/UHMWPE composite obviously increased, the reason might be attributed to the homogeneous dispersion of GO nanosheets in the polymer matrix and strong interfacial interactions between both components. The effect of GO content on hardness of the composites has been studied, which is shown in Figure 8(b) . The hardness of composites was gradually increased when GO were added to the matrix. The addition of GO, which have high strength and clash mod- 
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ulus, contributes to the increase in hardness of the UHMWPE composites.
The thermogravimetric analysis (TGA) is used to investigate the thermal stability of neat UHMWPE and GO/UHMWPE composites ( Figure 9(a) ), Both neat UHMWPE and GO/ UHMWPE composites had the similar decompose curves, but TGA curves (200-400 o C) of GO/UHMWPE composites were shifted to a lower temperature compared to that of pure UHM-WPE, it might be attributed to decompose of GO. Simultaneously, the crystallinity of UHMWPE composites is further demonstrated by differential scanning calorimetry (DSC) measurement, as shown in Figure 9 (b). The fully exfoliated and well-dispersed GO nanosheets among the UHMWPE chains, a physical barrier, which could dramatically diminish the crystallinity of UHMWPE matrix.
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The worn surfaces of UHMWPE and 20 wt% GO/UHM-WPE composite under dry and distilled water lubrication conditions can be seen from the SEM images ( Figure 10 ). The worn surface of UHMWPE composites is quite different for each of friction condition. In dry sliding (Figure 10(a) ), because of friction heat softening rolled in the polymer matrix and micro-adhesive wears, worn surface of UHMWPE is more of fibrillar type debris that twine round each other on the worn surface. In the distilled water lubrication conditions, the worn surface of pure UHMWPE is smooth, and only exhibit plow traces along sliding direction due to die surface smooth or indentation of ring surface, which is shown in Figure 10(b) . The 20 wt% GO/UHMWPE composite worn surfaces have no microscopic undulation and scratch, either under dry sliding (Figure 10(c) ) or distilled water lubrication conditions ( Figure  10(d) ), but plow traces along sliding direction and some GO nanosheets on the worn surface are draw out and abrade.
From above results, one can see GO nanosheets act very important role on improving wear and mechanical properties of UHMWPE composites. Tribological and hardness tests as shown in Figure 5 and Figure 8 suggested that both applied stress during indentation and frictional stresses transfered to the GO network effectively. Because of high aspect ratio and well-dispersion, GO in the composites provided a large surface area available for interaction between the polymer molecules and GO, which facilitated good load transfer to the GO network. Furthermore, the addition of GO contributes to the increasing of local compressive and shear strength. It is well known that graphite lubrication is environment dependant. The failure of electrical generators in aircrafts flying at high altitude due to the dusting wear regime of carbon brushes has been the starting point of many experimental studies investigating the influence of the gas atmosphere on the friction regime of graphite. 22 Two modes have been observed: 23,24 the dusting fric- Figure 9 . TGA curves of neat UHMWPE and GO/UHMWPE composites (a); the DSC curves of UHMWPE and GO/UHMWPE composites (b). tion mode associated to a high friction coefficient and a high wear rate owing to the rapid disintegration of graphite into a cloud of fine dust-like debris, the low friction mode characterised by a low friction coefficient and a low wear rate. Under dry lubrication conditions, the friction coefficient of the GO reinforced UHMWPE composite is increased with the GO weight percentages increasing from 5 to 20%. The high and erratic friction behavior indicates that the GO/UHMWPE composites are experiencing "dusting" owing to the fibrillar type debris from the UHMWPE and accumulation of dangling bonds generated by GO fractured surfaces. Under distilled water lubrication conditions, the worn surface of GO contains various oxygenated groups and the GO in the composites will fully absorb water. Water has a high surface tension and it is both adhesive and elastic. This property causes water to exist as an extended thin film over solid surface. Water may penetrate into the matrix under water lubrication of GO. Firstly, water is absorbed by capillary action into the voids then stress induced diffusion of water into the void takes place. 25 Mechanistically, microscale swelling of surface layers of GO caused by interaction with water molecules decreases the shear strength and thereby the frictional energy content is brought down. External force induced by sliding causes inter-lamellar insertion of water molecules between the basal planes. In this process, excess amount of water molecules interrupt already weak inter-planar interaction. This process further paves the way for easy shearing due to conversion of sliding to rolling motion under the influence of external force. Chemically, a GO crystal surface is composed of cleavage-faces and edge-faces. The cleavage-face of GO is a low-energy surface that is essentially formed by the basal planes. Water molecules containing hydrogen and oxygen atoms react with the free sites of covalent C-C bond and oxygenated functional groups of GO via adsorption and chemical reactions. This effect is attributed to high mobility of the physisorbed and chemisorbed water molecules that subsequently migrate to high energy edge sites of GO and neutralize dangling covalent bonds that are exposed during sliding. It is therefore the passivation of carbon dangling covalent bonds by adsorption of water that allows composites to maintain a low friction. Because of the reasons mentioned above, the friction coefficient of GO reinforced UHMWPE composites is lower than that of pure UHMWPE under distilled water lubrication conditions, especially, the volume loss of the 20 wt% GO reinforced UHMWPE composite is lower than the neat UHMWPE under distilled water lubrication.
Conclusions
The UHMWPE composites reinforced with GO nanosheets have been prepared by a facile method. The hardness of the GO reinforced UHMWPE composites increases with GO content. Tribological performance studies shows that GO can effectively improve the tribological property of UHMWPE composites. The friction coefficients of the GO reinforced UHMWPE composites are all higher and more stable than that of the pure UHMWPE under dry sliding. The high and erratic friction behavior indicates that the GO/UHMWPE composites are experiencing "dusting" owing to the fibrillar type debris from the UHMWPE and accumulation of dangling bonds generated by GO fractured surfaces. And the friction coefficient of the nanocomposites is lower than that of pure UHMWPE under distilled water lubrication conditions. Super low friction coefficient value and the best wear resistance under distilled water are attributed to water provides passivation of interacting dangling bonds on the sliding surface of GO. The volume loss of the 20 wt% GO reinforced UHMWPE composite is 4 times lower than that of the neat UHMWPE under distilled water lubrication. Thus, the GO/UHMWPE composite materials with good wear resistance under water condition and mechanical properties may have extensive further applications, such as tissue engineering, medical devices and marine engineering.
